Iterative CT reconstruction on limited angle trajectories applied to robotic inspection AIP Conference Proceedings 1806, 020009 (2017) Abstract. We investigated the feasibility of residual stress assessment based on Hall coefficient measurements in precipitation hardened IN718 nickel-base superalloy. As a first step, we studied the influence of microstructural variations on the galvanomagnetic properties of IN718 nickel-base superalloy. We found that the Hall coefficient of IN718 increases from 8.0 × 10 -11 m 3 /C in its fully annealed state of 15 HRC Rockwell hardness to 9.4 × 10 -11 m 3 /C in its fully hardened state of 45 HRC. We also studied the influence of cold work, i.e., plastic deformation, at room temperature and found that cold work had negligible effect on the Hall coefficient of fully annealed IN718, but significantly reduced it in hardened states of the material. For example, measurements conducted on fully hardened IN718 specimens showed that the Hall coefficient decreased more or less linearly with cold work from its peak value of 9.4 × 10 -11 m 3 /C in its intact state to 9.0 × 10 -11 m 3 /C in its most deformed state of 22% plastic strain. We also studied the influence of applied stress and found that elastic strain significantly increases the Hall coefficient of IN718 regardless of the state of hardening. The relative sensitivity of the Hall coefficient to elastic strain was measured as a unitless gauge factor that is defined as the ratio of the relative ch RH/RH = E d uniaxial stress and E is the Young's modulus of the material. We determined that the galvanomagnetic gauge factor of IN718 is 2.6 -2.9 depending on the hardness level. Besides the fairly high value of the gauge factor, it is important that it is positive, which means that compressive stress in surface-treated components decreases the Hall coefficient in a similar way as plastic deformation does, therefore the unfortunate cancellation that occurs in fully hardened IN718 in the case of electric conductivity measurements will not happen in this case. Additionally, the temperature dependence of the Hall coefficient was measured at three different hardness levels and the influence of thermal exposure was studied in fully hardened IN718 up to 700 ºC.
INTRODUCTION
Mechanical surface enhancement methods, such as shot peening (SP), laser shock peening (LSP), and lowplasticity burnishing (LPB), introduce beneficial compressive residual stress below the surface of critical engine components that protects them from crack initiation and propagation. Therefore, for reliable and accurate prediction of the remaining service life of such components, nondestructive evaluation (NDE) of the near-surface compressive residual stresses profile is necessary [1] . In practice, both the absolute level and spatial distribution of the residual stress profile are uncertain partly because the stress varies with material properties and the manufacturing process and partly because of thermo-mechanical relaxation due to exposure to high operating temperatures. Residual stress assessment based on X-ray diffraction (XRD) measurement is currently the only reliable practical inspection method, but it is restricted to a thin (< 20 m) surface layer. Because of this limitation, residual stress profiling based on XRD requires repeated removal of thin surface layers, thereby rendering the method unsuitable for NDE. As an alternative to destructive XRD measurement, eddy current conductivity spectroscopy, which is based on the piezoresistivity of the material, has been proposed as a nondestructive method to characterize the prevailing residual stress profile in surface-treated nickel-base superalloy components [2] [3] [4] [5] [6] . In IN718, the electrical conductivity significantly increases with compressive stress and this effect is essentially independent of the level of plastic strain present in the material. Furthermore, in the annealed state of IN718, plastic deformation also increases the conductivity, therefore the two effects reinforce each other and might be indirectly separated using empirical corrections [5] . Unfortunately, the effect of cold work on electrical conductivity is very sensitive to precipitation hardening. Above hardness levels around 30 HRC, increasing hardness leads to a decrease of the combined effects of elastic and plastic strains on the sub-surface electric conductivity and an almost complete cancellation of the two effects above 40 HRC, i.e., in the case of almost all critical engine applications of IN718 [7, 8] . In order to better understand this phenomenon, we investigated the influence of cold work on the electrical conductivity in IN718. Figure 1 shows the conductivity change with plastic deformation in IN718 specimens at three different hardness levels. In the fully hardened case, the electric conductivity change completely reverses relative to the fully annealed state. This result clearly indicates that the previously observed cancellation between the effects of elastic and plastic strains on the electric conductivity is due to the inherent material behavior of IN718 rather than to a technical limitation of the eddy current method, therefore residual stress profiling based on eddy current spectroscopy is simply not feasible in fully hardened IN718.
The main problem with residual stress assessment based on electric conductivity measurement is its lack of selectivity rather than its low sensitivity. In most NDE applications, the best method to assess the residual stress is not necessarily the one that exhibits the highest sensitivity towards changes in the state of residual stress, but the method which is the least sensitive to other spurious variations such as plastic strain, hardness, etc. For this reason, we investigated a considerably more challenging but potentially more selective electromagnetic method for residual stress assessment based on Hall coefficient measurement. The results of an earlier preliminary study indicated that the alternating current potential drop (ACPD) method combined with magnetic modulation can be used to nondestructively measure the Hall coefficient in nonmagnetic alloys [9] . More recently, Kosaka et al. found a strong dependence of the Hall coefficient on the applied stress in IN600 and IN718 nickel-base superalloys [10] . Figure 2 shows a schematic diagram of a simple Hall detector wherein an electric potential difference VH is measured between the centers of two opposite faces of a thin slab of a conducting material when an electric current I is injected at the centers of the two orthogonal faces. In the absence of an external magnetic field, a balanced bridge is formed by the injection and sensing electrodes resulting in zero measured voltage. However, applying an external magnetic flux density B3 normal to both the injection (x1) and sensing (x2) directions causes the Lorentz force to act on moving charge carriers and produce a magnetic force normal to their drift velocity, resulting in the build-up of a transverse electric field E2. A non-zero potential difference VH = RH I B3 /t is established between the sensing electrodes, where RH is the so-called Hall coefficient of the material and t denotes the thickness of the slab. In the case of conventional Hall detectors a material of known and usually very high Hall coefficient is used to measure unknown weak magnetic fields. In contrast, in the case of galvanomagnetic materials characterization, the unknown and usually rather low Hall coefficient of the material under test is measured by the application of a known and typically very FIGURE 1. Conductivity change versus plastic strain in IN718 for three different hardness levels. strong bias magnetic field [11] . Although Hall detectors are routinely used in electromagnetic NDE applications for magnetic field measurements, nondestructive galvanomagnetic materials characterization based on Hall coefficient measurements in structural metal alloys is very rare.
Conventionally, Hall coefficient measurements are conducted by mounting injection and sensing electrodes around the boundary of thin specimens [12, 13] . Besides being inherently destructive and therefore not suitable for NDE purposes, such measurements are also difficult to carry out in high-conductivity materials because of their inherently low Hall coefficient. Therefore, in the past, material characterization based on Hall coefficient measurement was mainly performed on semiconductor materials of relatively low charge carrier concentration that greatly increases at high temperatures [14] . To achieve the required sensitivity without cutting a finite size specimen out of the component to be tested, a conventional square-electrode alternating current potential drop (ACPD) technique could be modified to measure the Hall coefficient in nonmagnetic alloys by adding an external bias magnetic field modulation. The presence of such a bias field violates the Reciprocity Theorem unless the sign of the magnetic field is switched between the two measurements [15] , which can be exploited to measure the Hall coefficient in the presence of variations that would otherwise hide it. This new experimental method was first tested on high-conductivity nonmagnetic alloys and yielded ±4% reproducibility [9] . Measurements based on this technique can be carried out at high enough inspection frequency to limit the penetration depth of the injected current to the electromagnetic skin depth. This approach can be exploited to evaluate sub-surface residual stress profiles introduced by shot peening and other mechanical surface treatment methods. Recently conducted experiments found that the strain dependence of the Hall coefficient in nickelbase superalloys was positive and about five times larger than the value predicted by the volumetric effect in the free electron approximation [10] . Figure 3 illustrates the basic experimental arrangement used in this study for measuring the Hall coefficient of IN718 specimens machined in a dog bone shape to facilitate mechanical loading. In some of the tests the permanent magnet was replaced with a pair of water-cooled electromagnets and the spring-loaded sensing electrodes were placed on the sides of the specimen rather than on its bottom surface. The specimens used in this study were cut by electric discharge machining from 1 mm thick annealed IN718 sheets and they were 200 mm long and 12.7 mm wide at their waist. In order to study the effect of precipitation hardening on the Hall coefficient of IN718, some of the specimens were heat treated after machining to different hardness levels as needed. Two measurement systems were designed and built based on the alternating current potential drop (ACPD) method with low-frequency AC current injected at the ends of the specimens by a custom-made differential output current pump to minimize the common mode signals at the sensing electrodes. The current pump injected 400 mA (rms) current into the specimens through electrodes clipped to their ends. The sensing electrode pair was positioned in the center line of the specimen at a direction orthogonal to the current flow. The potential difference between the sensing electrodes was measured with a custom made low-noise preamplifier. In order to minimize the electric noise when measuring signals from very low (< 1 source impedance, this preamplifier used massively parallel (10 or 40×) AD8428B differential operational amplifiers. The measurement system had a flat frequency range from 0.02 Hz to 2 kHz, though the measurement results presented later were all taken at 16 Hz unless noted otherwise. It should be clarified, that this design is well suited for studying the dependence of the Hall coefficient on microstructural variations, thermo-mechanical history, plastic deformation, and elastic deformation, but it is not suitable for measuring the local Hall coefficient of the material in the subsurface layer of large specimens. For that purpose, we plan to use a four-point ACPD probe with square electrode configuration at high enough inspection frequency to limit the penetration depth of the injected current to the electromagnetic skin depth [9] .
EXPERIMENTAL SYSTEM
Two different measurement systems were built to better accommodate the specific requirements of the different tests conducted in this study. The first system was designed to run tests without applied load using the 0.53 T bias magnetic flux density produced by an N42 neodymium magnet of 38 mm diameter and 38 mm height. Polarity flipping was achieved using a computer controlled translation/rotation system that lifted, rotated, and lowered the magnet between subsequent readings. The sensing electrodes used in this system were spring loaded pins with a separation distance of 8 mm and the pickup signal was amplified using a ten-fold parallel preamplifier with equivalent input noise level as low as 0.5 nV/Hz 1/2 at 16 Hz. The output signal of the preamplifier was measured using an SRS SR830 digital lock-in amplifier synchronized to the frequency of the injected current. The relative accuracy of Hall coefficient measurements with this system is better than 1% in 1-mm-thick IN718 specimens.
The second system built for Hall coefficient measurements uses a 5 kN Technovate Model 9014 static loading frame with a load cell. The magnetic field is produced by a GMW Associates 3470 C-Frame bipole water-cooled electromagnet capable of producing 1.03 T essentially uniform bias magnetic flux density at 4 A excitation current provided by a programmable Kepco BOP 50-8ML bipolar power supply. This system also uses a custom designed 400 mA current pump combined with a forty-fold parallel preamplifier with equivalent input noise level around 0.25 nV/Hz 1/2 at 16 Hz. The amplified signal is measured by an SRS SR865 digital lock-in amplifier synchronized to the frequency of the injected current.
Any vibration of the specimen relative to the bias magnetic field produces spurious induced electric signals between the sensing electrodes that interfere with the much weaker Hall signal. To prevent this, both measurement systems were mounted on breadboards placed on PTT600600 Pneumatic IsoPlate passive vibration isolation tables. Since the induced spurious electric signals are proportional to the time rate of change of the magnetic flux crossing the sensing loop, they can be suppressed by reducing the area encircled by the sensing loop that includes the specimen, the electrodes, and the connecting wires. Both measurement systems were controlled by a LabView program that also facilitated data acquisition and processing. A COMSOL Multiphysics finite element simulation model was developed for parametric studies aimed at accurately compensating for the influence of geometrical variables, e.g., the diameter and lift-off distance of the bias magnet, the width, thickness, and shape of the specimen, the separation of the injecting and sensing electrodes, etc. This FE model provided valuable information on the range of measurement parameters that allow the most reliable measurement of Hall coefficient in our specimens.
RESULTS
In order to investigate the influence of precipitation hardening on the Hall coefficient of IN718, we heat-treated two specimens in each of five different target ranges of 17, 29, 31, 37, and 44 average Rockwell C hardness (HRC), i.e., ten specimens in total. Figure 4 shows the results of our Hall coefficient measurements with the permanent magnet inspection system on twelve specimens as a function of Rockwell hardness. The Hall coefficient was found to /C in the fully hardened state, a behavior that is similar to what was found previously on the dependence of electric conductivity on hardness in IN718 [8] . In a recent paper, Kosaka et al. reported that the Hall coefficient of annealed IN718 was RH 8.4 ± 0.1 10 -11 m 3 /C, though they did not actually measure the hardness of their specimen [10] . Since typical annealed IN718 exhibits 20-24 HRC Rockwell hardness, our results are in reasonable agreement with these previously reported values of the Hall coefficient in IN718. The positive sign of the measured Hall coefficient indicates that the galvanomagnetic behavior of IN718 cannot be described by the simple free electron model which inherently yields a negative Hall coefficient. It is worth pointing out that, among the principal alloying elements of IN718, the ordinary Hall effect is negative in Nickel and Cobalt due to electron conduction in the 4s band while it is positive in Chromium, Iron and Molybdenum due to hole conduction in the 3d band [11, 16] . In addition, in ferromagnetic materials and, to a much lesser degree, in paramagnetic materials placed in a strong magnetic field, the Hall coefficient includes an additional contribution, known as the extraordinary or anomalous Hall effect that might play a role in the Hall coefficient being positive [17] .
To further investigate the influence of cold work, elastic strain, and thermal relaxation on the Hall coefficient in IN718 at different hardness levels, specimens were heat treated to three different Rockwell C hardness (HRC) target ranges as listed in Table 1 . In order to investigate the influence of cold work on the Hall coefficient in IN718 at these three different hardness levels, we tested a series of specimens using the permanent magnet inspection system. Table  2 lists the 36 specimens used in this test with their respective plastic strain and Rockwell hardness range. A geometrical measured data trendline correction factor based on the measured dimensions of the specimen after cold work was applied to the Hall coefficient results to account for changes in thickness and width at the measurement location. Specimens in annealed state were cold-worked to varying plastic deformation over a wide range from 3% up to 43 % plastic strain, which is representative of shot peened specimens between Almen 2A and 12A peening intensities. Similar levels of plastic strain could not be produced in specimens at higher hardness levels because the partially and fully hardened material started to develop microcracks in tension above 27% and 22% plastic strain, respectively. Such cracking could not only distort the Hall coefficient measurements, but could also lead to fracture, therefore we had to limit our cold-work study in partially and fully hardened IN718 to levels below these plastic strain limits. Figure 5(a) shows examples of stress strain curves for three specimens in the as received annealed (14 HRC), partially hardened (27 HRC), and fully hardened (44 HRC) states. Figure 5(b) shows the Hall coefficient versus plastic strain in IN718 at three different hardness levels. While the Hall coefficient did not change with cold work at all in the case of annealed IN718, measurements on partially (27-28 HRC) and fully hardened (42-44 HRC) IN718 specimens indicated that the Hall coefficient decreased more or less linearly with cold work in both cases. Specifically, the Hall coefficient decreased from 8.9 10 -11 m 3 /C in its intact state to 8.5 10 -11 m 3 /C in its most deformed state of 27% plastic strain in the case of partially hardened specimens and from 9.4 10 -11 m 3 /C in its intact state to 9 .0 10 -11 m 3 /C in its most deformed state of 22% plastic strain in the case of fully hardened specimens. We can conclude that the sensitivity of the Hall coefficient to plastic strain increases with hardness. For example, 10% plastic strain reduces the Hall coefficient by only 1.6% in partially hardened IN718 but by as much as 3.2% in fully hardened IN718. Some change due to cold work was expected based on our previous tests that showed that precipitation hardening increases the Hall coefficient just like it increased the electric conductivity of IN718. This susceptibility of the Hall coefficient to cold work inherently limits our ability to accurately measure residual stress in shot-peened IN718 by this method, but whether the accuracy will be compromised in an unacceptable way or not cannot be determined until the sensitivity to residual stress, i.e., elastic strain, is also established.
We also studied the influence of elastic strain on the Hall coefficient of IN718 in the same three hardness categories using our electromagnetic inspection system. The relative sensitivity of the Hall coefficient to residual stress is measured as a unitless gauge factor that is defined as the ratio of the relative ch RH/RH divided by the elastic strain E E is the Young's modulus of the material (2.9 × 10 4 ksi), i.e., RH /RH . Figure 6 shows an example of the measured Hall coefficient versus applied uniaxial stress in a fully hardened IN718 specimen. The averaged data shown in Fig. 6(b) was obtained by repeating individual measurements represented by circular dots in Fig. 6(a) at least 15-20 times at each load level. After averaging, the measured data points exhibit only approximately ±0.15% random uncertainty. Each gauge factor calculation is based on fifteen such averaged Hall coefficient measurements spread over the available elastic strain range safely within the respective elastic deformation limit of the particular hardness category to ensure that the specimen is not permanently deformed. The galvanomagnetic gauge factor obtained from these measurements was corrected for the Poisson ratio These measurements were repeated on four specimens selected from each of the three different hardness categories considered in this study, i.e., on twelve specimens in all. Figure 7(b) shows that the galvanomagnetic gauge factor obtained from the same measurements slightly decreases with hardness. Depending on the level of precipitation hardening, the galvanomagnetic gauge factor ranges between 2.6 in fully hardened specimens and 2.9 in annealed specimens. In an earlier study conducted by Kosaka et al. [10] , the strain coefficient was found to be = 2.1 ± 0.4 in annealed IN718, which is in a reasonable agreement with the current results. Besides the favorable high value of the galvanomagnetic gauge factor, it is also important that it is positive, i.e., the Hall coefficient increases in tension and decreases in compression. This means that compressive stress in surface-treated IN718 components decreases the Hall coefficient in a similar way as plastic deformation does, therefore the above mentioned unfortunate cancellation that occurs in fully hardened IN718 in the case of electric conductivity measurements will not happen in this case.
Since the main applications for surface-treated IN718 are in high-temperature turbine engine components, it is essential to understand the variations in Hall coefficient caused by thermal exposure for the purpose of developing a measured data trendline quantitative method for residual stress measurement based on the galvanomagnetic effect in IN718 after thermal relaxation. Therefore, we investigated the influence of thermal exposure on the Hall coefficient of IN718. Four fully hardened (44 -42 HRC) specimens were repeatedly heat treated over 24-hour periods in nitrogen protective environment at 400 °C, 500 °C, 600 °C, 650 °C and 700°C. The Hall coefficient of the specimens was evaluated after each thermal exposure using the permanent magnet Hall coefficient measurement system. Figure 8 shows the cumulative effect of 24-hour thermal exposures on the Hall coefficient of fully hardened IN718. The measured Hall coefficient exhibited no perceivable change up to 500 ºC, but showed 0.8% increase at 600 ºC and 1.5% increase at 650 ºC, while the excess Hall coefficient turned into 0.4% loss after thermal exposure to 700 °C. These findings are consistent with previously conducted similar tests aimed at studying the influence of thermal exposure on the electric conductivity [5] . The observed relatively weak dependence of the Hall coefficient on thermal exposure will lead to an essentially uniform volumetric effect, therefore will have no significant adverse influence on the feasibility of this method for measuring the sought compressive residual stress prevailing in a shallow surface layer of surfacetreated engine components. However, thermally activated microstructural changes tend to be significantly accelerated by cold work present in the crucial subsurface layer, therefore this issue will have to be revisited in surface-treated, e.g., shot-peened, components.
Separate measurements were conducted at each hardness level in the absence of external loading over a wider temperature range between 30 and 40°C on both inspection systems in order to establish the linearized temperature coefficient . Figure 9(a) shows the temperature distribution of the Hall coefficient in a partially hardened (28 HRC) specimen measured using the permanent magnet inspection system. The linear temperature coefficient is defined as RH/RH T relative to an arbitrarily chosen reference temperature (25 ºC). Figure 9 (b) shows the linear temperature coefficient for four specimens in each of the three hardness category considered in this study. The linear temperature coefficient is negative for all hardness levels and the magnitude marginally decreases with the hardness of the material. It should be mentioned that the measured value also includes the temperature instability of the polymer probe holding the springloaded sensing electrodes. The average temperature coefficient for specimen ranging from 15 to 45 HRC was found to be -4,400 ppm/°C in the case of measurements conducted with the permanent magnet system and -2,800 ppm/°C in the case of measurements conducted with the electromagnetic inspection system. In the recent study conducted by Kosaka et al. [10] , the temperature coefficient was measured to be = -1,900 ppm/°C for annealed IN718. This lower value better represents the intrinsic temperature sensitivity of the Hall effect since the authors welded their electrodes to the specimen under test. It is worth mentioning that this relatively strong sensitivity of the Hall effect to temperature variations at room temperatures is well documented in the literature [11] .
In the same study conducted by Kosaka et al. [10] , the authors found that the Hall coefficient of IN718 exhibited an unexpected dependence on the current injected into the specimen. If proven so, this effect could have a devastating effect on residual stress profiling when the current intensity greatly increases with inspection frequency. Therefore we investigated the dependence of Hall coefficient on the injected current by conducting tests with the electromagnetic inspection system while varying the current injected into the specimen from 0.01 to 0.4 A. The results of this test are measured data trendline was defined as the ratio of the relative change in the Hall coefficient RH/RH divided by the injected current I. We found that the current dependence of the measured Hall coefficient was essentially negligible within the measurement uncertainty indicated by error bars in Fig. 10(a) . Linear regression of the data yielded a small positive = 0.006 ±0.01 A -1 value. In comparison Kosaka et al. found a much larger negative current coefficient of = -0.16 A -1 , which was likely caused by a temperature dependent artifact since they injected much more current into a thin shim of only 0.1 mm thickness [10] .
Finally, it should be mentioned that depth profiling of the residual stress distribution introduced by mechanical surface-treatments will require that Hall coefficient measurements be conducted up to 10 MHz. Actually, in the case of shot peening, that produces a particularly shallow compressive residual stress profiles, the required inspection frequency might be as high as 50-80 MHz [8] . Our current electromagnetic Hall coefficient measurement systems provide excellent measurement uniformity of better than 1% up to 4 kHz, as it is illustrated in Fig. 10(b) . Measurements conducted above 4 kHz exhibit lower accuracy, mainly because of spurious inductive coupling between the injecting and sensing loops, bandwidth limitations in the driving and sensing electronics, and the decreasing common mode rejection ratio (CMRR) of our differential preamplifier. 
CONCLUSION
Based on the measurements conducted in this study the Hall coefficient of IN718 is not only sensitive to elastic strain caused by either applied external or internal residual stress, but also susceptible to microstructural variations and cold work. The established elastic strain dependence of the Hall coefficient is high enough for applications in nondestructive residual stress assessment. While Hall coefficient measurements display secondary sensitivity towards variation in precipitation hardening, cold work and thermal-relaxation, unlike the case for electrical conductivity measurements, it is still possible to evaluate the residual stress profile based on Hall coefficient measurements even in fully hardened IN718 components. Future work will involve investigating the combined influence of microstructural variations, plastic deformation and residual stress on the Hall coefficient of surface-treated components in order to unequivocally determine both the sensitivity and, more crucially, the selectivity, of the galvanomagnetic method to the prevailing residual stress in precipitation hardened IN718. If direct separation turns out to be impossible, we will consider separation based on a two-parameter inversion using additional conductivity measurements. Moreover, Hall coefficient measurements will have to be temperature compensated based on the linear temperature coefficient of the material under test. Initial experiments verified the feasibility of the technique, but further research and development efforts are needed before this method can be adapted to nondestructive materials characterization. Special focus has to be placed on expanding the frequency range of Hall coefficient measurements by reducing the inductive coupling between the injecting and sensing loops, and upgrading both the current injector and the pre-amplifier. We expect that further probe improvements will certainly let us work up to 1 MHz with no reduction in measurement accuracy and stability. If Hall coefficient measurements based on galvanic coupling are not feasible for residual stress profiling in shot peened IN718 components, a non-contact sensor based on inductive (eddy current) coupling will be investigated. It is likely that the developed Hall coefficient measuring systems could provide valuable additions to our NDE arsenal of electromagnetic material characterization for other potential applications that are not solvable by more conventional NDE methods.
